Introduction
Acute changes in renal function are common after cardiac and major vascular surgery [1] . Depending on its definition, at least 1-28% of patients develop a transient or permanent decline in renal function following elective open abdominal aortic repair [2, 3, 4, 5, 6, 7] . Acute renal failure is less frequent (1-5%), except after ruptured aneurysm, and it exerts a profound impact on mortality (up to 50%) and medical resource utilization [1, 2, 3, 4, 5, 6, 7, 8, 9, 10] .
The mechanisms of perioperative renal dysfunction (RD) are multifactorial, being related to renal ischemia, circulatory failure, and nephrotoxic agents as well as the neuroendocrine and inflammatory stress response to surgery [11, 12] . Hemorrhagic shock, the need for suprarenal clamping, atheroma or fat embolism, free radicals, and vasoconstrictive mediators/drugs may all contribute to acute tubular necrosis, delayed apoptosis, and, in turn, to multiple organ dysfunction and death [11, 12, 13] . Although various pharmacological agents (mannitol, calcium-channel antagonists, dopaminergic agonists, loop diuretics, and angiotensin-converting enzyme inhibitors) have been tested to optimize renal perfusion and tubular function, none have been shown to provide any clinical benefit compared with conventional approaches targeting normovolemia with adequate cardiac output [14, 15] .
Currently, the lack of uniform criteria to define RD and retrospective data collection make the existing literature almost unusable to analyze the prognostic implications of mild-to-moderate renal insufficiency in vascular surgical patients. Hence, the purposes of this observational study were to describe the pattern of changes in serum creatinine (∆ Creat), to define RD with regard to incremental morbidity and to identify the risk factors for RD after elective major vascular surgery.
Methods
With institutional review board approval, all patients who underwent "open" surgery for aortic abdominal aneurysm (AAA) or aortic occlusive disease (AOD) between 1 January 1993 and 31 December 2004 were prospectively entered into a computerized database. Patients with thoracoabdominal aneurysms (n = 31), suprarenal aortic occlusive disease (n = 19), endovascular procedures (n = 34), urgent/emergent surgery (n = 186), and previous renal failure (n = 3) were all excluded.
A minimum delay of 72 h was imposed between angiography and surgery. All patients had a balanced anesthetic regimen (opiates and inhaled isoflurane) and were equipped with five-lead ECG, an invasive arterial line and a central venous catheter. Transesophageal echocardiography (TEE) or a pulmonary artery catheter (PAC) was used in patients with pulmonary hypertension (mean pulmonary artery pressure ≥ 30 mmHg), a left ventricular ejection fraction less than 40% and/or a history of congestive heart failure (n = 102). The surgeon performed a midline incision in 545 patients and a retroperitoneal approach in 72 patients.
Regarding perioperative medical management, a protocol-driven approach was targeted to provide organ protection by controlling body homeostasis, fluid balance and oxygen transport parameters. For instance, prophylactic antibiotics (cefazoline 2 g/8 h) were given for 48 h and body normothermia was maintained with a forced-air warming device and by heating intravenous fluids. Vasoactive drugs (nitroglycerine, ephedrine, and phenylephrine) were administered to control blood pressure, particularly following aortic clamping/unclamping. A blood salvage device was routinely used and homologous red blood cell concentrates were administered to keep the hemoglobin level ≥ 80-90 g/l. Postoperatively, all patients were managed for 24 h in the postanesthesia care unit (PACU) or in the intensive care unit (ICU); betablockers were routinely given to keep the heart rate below 70 beats/min. Non-steroidal anti-inflammatory drugs were not given within the first 24 h, in hemodynamically unstable patients, and in those with preoperative renal insufficiency.
Data collection and outcome assessment
Case information spanning 60 perioperative variables was entered into a continually updated registry. Demographic data, comorbid conditions, and current medical treatments were all prospectively collected at the time of the preoperative consultation and after reviewing medical files. The surgical approach and the anesthetic management were described in terms of duration (surgery, anesthesia, aortic cross-clamping, renal ischemia, postoperative ventilation), arterial grafting, fluid balance (diuresis, crystalloids, colloids, and blood products), type of vasoactive drugs, and time to extubation.
Laboratory data included serial measurements of blood gases, hemoglobin, creatinine, and the highest value of troponin I or creatine phosphokinase (CPK) and its isoenzyme CPK-MB. The difference between the highest/lowest serum creatinine value measured within the first 72 h and the baseline preoperative value (∆ Creat) was calculated for each patient and expressed in percentage (%) or absolute value (mg/dl). Serum creatinine concentration was measured using the Jaffe method on a Hitachi 747 analyzer (Roche, Basel, Switzerland). Intra-and interseries precisions were 0.7% and 2.3%, respectively; interassay coefficient of variation was 1.5% at a concentration of 0.9 mg/dl serum creatinine. The patient's baseline glomerular filtration rate was estimated by the Cockcroft-Gault formula and adjusted for 1.73 m 2 of body surface area [16] .
Patient's clinical status, ECG, chest X-rays, and laboratory data were daily examined and, complications were categorized as being related to surgery, sepsis, rhabdomyolysis, or the cardiac and respiratory systems (see Appendix 1) . In addition, the Sequential Organ Failure Assessment (SOFA) score was calculated [17] and mortality was defined as any death occurring during the hospital stay or within 30 days following surgery.
Statistical analysis
Data are presented as mean (± standard deviation), median (range), absolute numbers or percentages. An internal audit of 80 randomly selected cases was performed to test the completeness and accuracy of the database. The receiver-operator characteristic (ROC) curve analysis was used to detect the best threshold for ∆ Creat (in % or mg/dl) to predict the occurrence of major complications (death and/or cardiovascular and respiratory complications). Differences between the two groups (reference group and RD 0.5 group) were examined using unpaired Student's t-test or Mann-Whitney test for continuous variables and Fisher's exact test for proportions. For timetrends analysis, three consecutive 4-year-periods were considered, a χ 2 test for linear trend analyses (extension of Mantel) was applied followed by Duncan's multiple range test. Potential risk factors for RD were identified by univariate analysis, and those with a P value less than 0.25 were entered in a forward multivariate logistic regression model. To avoid multi-colinearity, only one variable in a set of variables with a correlation coefficient greater than 0.5 was used in the multivariate analysis. Adjusted odd ratios (OR) with 95% confidence intervals (CI) were calculated.
Results
From 1993 to 2004, 615 patients underwent elective infrarenal aortic surgery and completed data were obtained in 599 cases (n = 235 AOD and n = 364 AAA) with a reporting accuracy of 95%. Overall, the 30-day mortality rate was 2.3% (1.3% in patients with AOD and 3.0% among those with AAA) and 28% of patients presented at least one major postoperative complication. The incidence of renal failure requiring hemodialysis was 1.3% (n = 8), in all cases more than 72 h after the intervention.
Incidence of renal dysfunction and major complications
Within the first 72 h after surgery, serum creatinine concentrations decreased, remained stable, or increased by no more than 0.25 mg/dl in 74% of cases; a minor increase (0.26-0.5 mg/dl) was observed in 11% of cases; and moderate-to-large increases in ∆ Creat (> 0.5 mg/dl) occurred in 15% of cases (Fig. 1) . The incidence of persistent elevation of creatinine at hospital discharge and the worst SOFA score increased along with the severity of RD; of note, 19.5% of the patients with ∆ Creat > 1.5 mg/dl required hemodialysis.
Based on the frequency distribution of ∆ Creat and its relationship with the worst non-renal SOFA score, a cut-off value of +0.5 mg/dl was selected to identify RD 0.5 (reference group, n = 508; RD 0.5 group n = 91). The area under the ROC curve was significantly better with a cut-off value of +0.5 mg/dl than with +20% ∆ Creat; this model demonstrated a good model calibration and discriminatory power (0.79, 95% CI 0.74-0.84 vs 0.65, 95% CI 0.60-0.70 with a ∆ Creat cut-off value of 20%). Compared with the reference group, patients with RD 0.5 required more frequent admission to the ICU and presented higher incidences of surgical, cardiovascular, respiratory and septic complications (Table 1 ). Seven of the 91 patients with RD 0.5 died (7.7% vs 1.4% in the reference group, P < 0.05) and mortality rate further increased in those who experienced another organ dysfunction (n = 49; 12.2% vs 2.4% in isolated RD, P < 0.05).
Over the 12-year period, there was no change in the incidence of postoperative RD 0.5 (1993) (1994) (1995) (1996) Intraoperative hemodynamic monitoring with PAC/TEE did not influence either the occurrence of RD 0.5 (18.5% vs 14.5% without PAC/TEE, n.s.) or the incidence of cardiovascular and respiratory complications (5.6% vs 3.3% and 8.3% vs 7.1%, respectively; n.s.). Tables 2 and 3 . The development of RD 0.5 was more frequently associated with advanced age (> 70 years), low creatinine clearance, use of chronic cardiac medications (beta-blockers, diuretics or ACE inhibitors/angiotensin II antagonists) and the presence of hypertension, coronary artery disease, heart failure, electrical conduction blockade, aortic aneurysm, cerebrovascular disease and COPD. Among the perioperative events, rhabdomyolysis, the duration of surgery, aortic cross-clamping and renal ischemia, as well as the need for homologous transfusions, vasoactive drugs (ephedrine, phenylephrine) and postoperative ventilation differed significantly between patients with and without RD 0.5 . Using multivariate regression analysis, the development of RD 0.5 was found to be related to four independent risk factors: preoperative renal insufficiency (creatinine clearance < 40 ml/min), renal ischemic time > 40 min, the need for transfusion (> 5 units), and rhabdomyolysis. The relationship between the duration of renal ischemia and postoperative elevation in serum creatinine is illustrated in Fig. 2 . 
Discussion
In this 12-year cohort study, postoperative renal dysfunction occurred in 15% of 599 consecutive patients undergoing aortic reconstructive surgery. Renal dysfunction was defined by changes in serum creatinine exceeding 0.5 mg/dl (RD 0.5 ) that was associated with a 5 times greater mortality rate and more frequent episodes of sepsis, cardiopulmonary dysfunction and surgical complications. Importantly, baseline renal impairment, the duration of renal ischemia, the need for transfusion and rhabdomyolysis were all predictive of RD 0.5 . Although our results do not provide any pathophysiologic insights, it is tempting to speculate that RD 0.5 -associated impairments in volume load excretion, electrolyte regulation, and platelet function contributed to the increased morbidity and mortality.
Given its nonlinear relationship with glomerular filtration and its low diagnostic sensitivity, change in serum creatinine (∆ Creat) largely underestimates the occurrence of renal functional impairment, particularly in patients with normal or borderline renal function [18] . Nevertheless, monitoring serum creatinine is a practical approach for assessing short-term alteration in renal function, reflecting reduced renal creatinine clearance, increased creatinine formation, or both [16, 19] . Compared with inuline clearance -the reference method for glomerular filtration -serum creatinine has been shown to be a valid indicator of early postischemic renal dysfunction and a predictor of postoperative complications [20] . In previous studies, preset levels of relative/absolute increase in serum creatinine were used as biological criteria for perioperative RD [2, 3, 4, 5, 6, 7] . Instead of arbitrarily defining RD, we examined the relationship between serious adverse events and ∆ Creat within the first 3 postoperative days and we found that a ∆ Creat of 0.5 mg/dl was the best criterion to discriminate two populations of patients with different postoperative outcome. After cardiac surgery and thoracic aortic aneurysm, similar cut-off values for ∆ Creat (+20%, +0.5-1 mg/dl) have also been shown to detect mild-to-moderate renal impairment that was predictive of increased mortality, prolonged hospital stay, and poor quality of life [21, 22, 23, 24] .
In this single-center study, standardization of perioperative interventions probably contributed to lowering the risk of RD 0.5 , for instance by avoiding nephrotoxic agents (e.g., non-steroidal anti-inflammatory drugs, radiological contrast agents, antibiotics) and by stabilization of the hemodynamic condition [14] . Among preoperative variables, a low creatinine clearance (< 40 ml/min) was the only predictor of RD 0.5 . Consistent with this finding, Powell and Johnston reported a twofold incidence of renal dysfunction in patients with preoperative serum creatinine exceeding 2 mg/dl or when the estimated creatinine clearance was below 40-45 ml/min [4, 25] . Conceptually, the ongoing renal pathophysiological processes render the residual nephrons more vulnerable to subsequent hypoxemic, ischemic, hypotensive, inflammatory, and/or nephrotoxic insults leading to further deterioration of the filtering, concentrating, and reabsorbing capacities of the kidney [12, 26, 27] .
Although advanced age and cardiovascular diseases (e.g., hypertension, heart failure, coronary artery disease, conduction blockade) were more prevalent in the RD 0.5 group, they were not considered as independent risk factors of RD. Population based studies suggest that these clinical markers simply parallel the age-related reduction in functioning nephron mass and/or reflect the progression of renal vascular atheromatosis and glomerular sclerosis [28] .
Not surprisingly, the main determinant of postoperative creatinine levels was the duration of renal ischemia. Suprarenal aortic clamping was deemed necessary in about 20% of our patients, and atheromatous debris could be dislodged from the aortic intima with subsequent embolization within the renal vasculature. While the risk for RD 0.5 was low for renal ischemia time shorter than 20 min, renal clamping time exceeding 40 min was associated with a 60% occurrence of RD 0.5 . Consistent with these observations, a "safe" renal ischemia time between 45 min and 60 min has been supported by previous experimental and clinical investigations [3, 8, 29, 30] . In a review of 60 patients following aortic reconstruction, Wahlberg et al. reported a tenfold risk of postoperative elevation of creatinine when the suprarenal aortic clamping time was greater than 50 min [31] . Likewise, Kudo et al. demonstrated a positive correlation between the duration of renal ischemia and postoperative creatinine elevation, 45 min clamping time being considered the upper limit of "tolerable" renal ischemia [8] .
Among clinical and biological markers reflecting the extent of surgical trauma and procedural complexity, rhabdomyolysis and bleeding, expressed by transfusion requirement, were identified as the sole independent predictors of postoperative RD 0.5 . In a similar surgical population, Bertrand et al. found a 25% incidence of acute renal failure in a subset of patients who experienced rhabdomyolysis (compared with less than 1% in those without rhabdomyolysis) and there was a close association between the occurrence of rhabdomyolysis (9%) and longer clamping time, marked intraoperative bleeding, and the need for visceral artery reimplantation [32] . Altogether, circulating hypovolemia and the cytotoxic and vasoconstrictive effects of myoglobin are considered the triggering factors leading to a reduced glomerular filtration rate as a result of renal hypoperfusion associated with acute tubular necrosis and apoptosis [33] .
We are mindful of several limitations of this observational study. First, although more than 60 items were prospectively collected at one center, the criteria and potential risk factors of RD were investigated a posteriori, precluding control of several confounding variables and the generalization of the results to other institutions. Selection bias and length bias were unavoidable; for instance, the surgeon's choice to select an "open" or endovascular approach has changed over this 12-year period, being determined by the recent availability of this noninvasive technique, the patient's comorbidities, and the morphologic features of the aorta, as well as the operator's learning curve. Although our logistic regression analysis adheres to sample size recommendations for 10 or more outcome events per risk factor, external validation is needed that would entail a large multicenter database [34] .
Second, analysis of several potential risk factors such as the presence of cardiac insufficiency, diabetes, or cirrhosis, chronic use of beta-blockers, angiotensin-converting inhibitors, or angiotensin blockers and intraoperative interventions (e.g., renal vein ligation, arterial grafting), was inconclusive due to incomplete data and the small number of patients in these categories (type II error, false negative results) [35] .
Third, elevated serum creatinine levels persisted at hospital discharge in 40% of our surgical patients and additional cases of mild-to-moderate renal impairments were probably undetected given the low diagnostic sensitivity of ∆ Creat [19, 20] . Hence, follow-up studies using sensitive biological markers of glomerular and tubular injuries are needed to examine whether perioperative elevation in creatinine represents a transient functional impairment or a permanent loss of nephrons evolving towards progressive renal failure.
In summary, the likelihood of developing postoperative RD after major elective vascular surgery is mainly influenced by baseline renal functional reserve and by factors related to the complexity of the vascular intervention (renal ischemia, rhabdomyolysis and bleeding). These results highlight the importance of preoperative risk stratification, implementation of standardized perioperative protocols, and involvement of multidisciplinary specialized teams. Accordingly, reduction in postoperative RD should better be targeted in high-volume hospitals by sharing best practices of care between highly trained and experienced health care providers [36] .
